In the present study, 2D plasmonic nature of the sheet carrier density in the SEA is explored for the SERS enhancement. The SERS activity of InN nanostructures is probed using the different laser excitations. In addition, the role of SEA induced 2D plasmons in the enhancement of Raman spectra is probed. The measurements were carried out on the standard SERS analyte of Rhodamine 6G (R6G).
Experimental:
InN nanostructures were grown via atmospheric chemical vapour deposition technique using the metallic In (99.999%) as the source and ultra high pure NH 3 (99.9999%) and the reactive gas. The c-Al 2 O 3 was used as the substrate. Details of the growth procedure can be found elsewhere [40] . The growth of the InN nanostructures was carried out at three different temperatures of 580, 620, and 650 o C for the present study. Morphology of nanostructures was studied using the field emission scanning electron microscopy (FESEM;
AURIGA, Zeiss). The vibrational properties were studied using micro-Raman spectrometer (InVia, Renishaw) with 514.5 and 488 nm laser excitations. All the Raman spectra were collected in the backscattering geometry and were detected using the thermo-electric cooled CCD detector with the help of 1800 and 2400 grmm -1 grating monochromatization for 514.5 nm and 488 nm excitations, respectively. The Raleigh line cut off frequency was 30 cm -1 . The laser power of 3 W and the objective lens of 50X (NA  0.75) were used in the present study. Near-field imaging was carried out using the near-field scanning optical microscopy (NSOM) with aperture probe (MultiView 4000, Nanonics, Israel). In NSOM measurements, 532 nm laser was excited through the 100 nm size aperture and near-field distance was controlled using atomic force microscopy (AFM) feedback mechanism.
The SERS substrate was prepared by a quite simple approach. The Al 2 O 3 substrate
with InN (Al 2 O 3 /InN) nanostructures grown on it was immersed in the 10 3 M R6G solution for a while (1 or 2 sec) and subsequently dried under the IR lamp. In literature, several methods were adopted for the measurement of SERS enhancement factors [11] . One of the simple approaches is to collect Raman spectrum in the presence and in the absence of SERS substrate with the same concentration of the analyte and experimental conditions. In the present study, we utilized the unintentionally made scratches on the sample as bare substrate.
In other words, Raman spectrum was collected from the area of scratches on the sample where there were no nanostructures and was compared with the Raman spectrum collected from the area with InN nanostructures.
Results and Discussion:
The morphological features are shown for InN nanostructures grown at different temperatures such as 580 o C (Fig. 1a) , 620 o C (Fig. 1b) and 650 o C (Fig. 1c) . The FESEM micrographs revealed the fact that nanostructures were grown with the random size and shapes. Raman spectroscopic analysis of these nanostructures is shown in Fig. 2 [40, 42] . The observation of Fano line shape explicitly reveals the fact that high temperature grown samples possess high carrier density as compared to that for the low temperature grown sample. Native defects in InN system, N vacancies, as well as the presence of SEA may be the reason for the increased carrier density in the high temperature grown samples [40] . In addition, a broad peak at the low frequency region is observed in high temperature grown samples only. Asymmetric molecule;  1 ,  2 and  3 correspond to the C-C-C ring in-plane bending, out-of-plane bending of the H atoms of the xanthene skeleton, and C-C stretching vibrations, respectively [3, 47] .
In the present study, Raman enhancement was calculated using the vibrational mode of  8 = 1651 cm 1 . Raman spectrum in case of the sample grown at 580 o C without any SEA shows the same intensity along with overlap in the spectral features (Fig. 3a) . It shows the negligible amount of enhancement of the intensity in the presence of the nanostructures grown at 580 o C (Fig. 3a) . In addition, the luminescence of the R6G molecules is collected in the presence and absence of the InN nanostructures (Fig. 3b) , and no enhancement in the luminescence band is observed. A shoulder is observed (Fig. 3b) in the luminescence spectrum of R6G molecules on InN nanostructures  620 nm which is discussed subsequently. 
where I SERS is the intensity of a specific Raman mode of R6G; I Normal is the intensity of the same mode of R6G in the absence of SERS substrate; N Normal is number of R6G molecules in the excited volume in case of normal Raman analysis; and N SERS is the number of adsorbed R6G molecules for a single nanostructure with an average size. (Fig. 4c) showing enhancement of four times in the luminescence band. Similar to the sample grown at 580 o C (Fig. 3b) , a shoulder peak is also observed in the luminescence spectrum of the present sample with R6G (Fig. 4b) . Rhodamine 6G (R6G) is one of the most frequently used dyes for applications in dye lasers and as a fluorescence tracer. The absorption and luminescence bands of R6G are dependent on the concentration of R6G molecules. This phenomenon is reported for aqueous solutions [49] and thin films [48] . The absorption and emission properties of R6G can be explained by the exciton model theory. According to the exciton theory, the dye molecule is considered as a point dipole. The dye molecules are configured as monomers (isolated molecules) and aggregate molecules (dimers and trimers).
There are two basic dimer configurations such as perfectly sandwiched structure (H-type) and perfectly aligned structure (J-type). The former is characterized by intense absorption and forbidden emission because of dipole selection rules. In addition, the blue shift in the absorption edge is observed as compared to the monomer. The later configuration is fluorescent with a red shift in the absorption and luminescence bands as compared to the monomer. However, the dimer of R6G molecules can be configured with a distorted sandwich structure such as an oblique H-type dimer. This oblique dimer is fluorescent and possesses the characteristics of both H-and J-type dimer. The emission from the oblique dimer is red shifted as compared to monomer emission and depends on the angle between the transition moments of the dipole. In addition, excimer can also be formed by the association of excited molecule and unexcited molecule. Emission from the adsorbed molecules on the InN nanoparticles is strongly blue shifted as compared to the bulk crystallites (Fig. S2a) . The observed shift corroborates to the fact that the adsorbed molecules are not aggregated.
Moreover, the emission spectrum of adsorbed molecules is dominated by three main peaks centered at 556, 586, and 632 nm which correspond to monomer, dimer, and excimer, respectively (Fig. S2b) . In contrast, the emission spectrum of bulk crystals is dominated by aggregate crystallites cantered around 660 nm (Fig. S2c) . These observations further confirm that adsorbed molecules are not aggregated. In addition, the emission spectrum collected from the scratch and nanoparticles area shows the negligible amount of shift (Fig.   S2d ). Raman imaging is carried out with the peak intensity of  8 in an area which covers the nanostructures depleted region also. Raman intensity imaging (Fig. 4c) clearly shows the enhancement of peak intensity in the presence nanostructures. The SERS measurements are carried out in different areas of the substrates, which also show the similar kind of enhancement (Fig. S3) . As the absorption edge of R6G (532 nm) is close to the 514.5 nm excitation, [29] the SERS studies are further carried out using the 488 nm laser excitation to avoid the luminescence back ground. In case of 488 nm excitation also, similar kind of enhancement in the Raman spectral intensity is clearly observed (Fig. 5) .
Usually, SERS enhancement in the Raman spectra is contributed by both EM and CM. In case of semiconductors the plasmon frequency,  p is expressed as,
where m e is the effective electron mass (0.07m 0 ), is the high frequency dielectric constant (for InN = 6.7) [50] and m is the dielectric function of surrounding medium ( air 1).
Carrier density (n2.5310 19 cm -3 ) of InN nanostructures is estimated using the BursteinMoss shift [40] . The plasmon frequency is calculated as 1968 cm -1 , which is far from excitation frequencies (514.5 nm = 19436 cm -1 ; 488 nm = 20492 cm -1 ) as well as the low frequency peak observed at ~54 cm -1 for high temperature grown samples (Fig. 2) . usually attributed as CM for semiconducting materials. In order to understand the SERS enhancement, we studied the near-field light-matter interaction of these nanostructures using NSOM probe. NSOM imaging (Fig. 6 ) is carried out with the excitation of 532 nm laser using aperture probe of size 100 nm. Topography (Fig. 6a) and NSOM (Fig. 6b) o C grown sample is also studied for topography (Fig. 6c ) and NSOM image (Fig. 6d) . In contrast to the near-field optical image of the sample grown at 580 o C (Fig. 6b) , high magnification NSOM image of 620 o C grown sample (Fig. 6d) shows a clear enhancement of the near-field intensity around the nanostructures with the absorption of light. The height profile of one of the nanostructures (Fig. 6e ) and its corresponding near-field intensity profile (Fig. 6f) show the strong absorption as well as enhancement of light intensity around the nanostructures.
Similarly, 650 o C grown sample is also further studied for topography (Fig. 6g ) and NSOM image (Fig. 6h) . In this case also enhancement in the near-field around the nanostructures is observed. Similar kind of field enhancement is observed in different NSOM images of nanostructures grown at 620 and 650 o C (Fig. S4) . Thus, near-field light-matter interaction analysis reveals that InN nanostructures with SEA show the enhancement for the light intensity in the vicinity of nanostructures. 
